This work presents a simple alternative technique to observe the polarization of the skylight on Earth. Using a birefringent material and a polarizer to look at the polarized light from the blue sky, it is possible to see a colored pattern that is associated to the birefringence of the material and the polarized light. Three different ways to polarize the light are also discussed in the context of the proposed experiment. Keywords: Blue sky, Rayleigh scattering, birefringence, polarization, education.
Introduction
Polarization of the light is an important matter because it is related to several current technological products, such as monitors, displays, and glasses with liquid crystals; 3D movies projectors; sunglasses and lasers.
Physics textbooks 1-3 describe the four physical processes that polarize the light: reflection 4 , selective absorption, scattering and double refraction (birefringence). This work discusses the last three processes.
The selective absorption occurs in materials that transmit waves whose electric fields vibrate in a plane parallel to a certain direction and that absorb waves whose electric fields vibrate in all other directions. Here the materials with this characteristic are named "polarizers". This process is illustrated in figure 1 . Considering a nonpolarized source of light (the left side), the rays of light travel to right side passing through the polarizer 1, which polarization direction is vertical. Only the rays E a , E b v , and E c v are transmitted and the others are absorbed. The rays E b v and E c v are the vertical components of the rays E b and E c , respectively. If there is a second polarizer (polarizer 2) and it is oriented orthogonally to the first polarizer, then no light pass through it. If the polarization direction of the second polarizer is in other orientation, partial or total light intensity could pass through it.
The figure 2 shows two images from a liquid crystal monitor, which emits polarized light, when observed after passing through a polarizer. In the first case ( fig. 2(a) ), the polarization direction of the polarizer is parallel to the emitted light, so that the transmitted intensity is maximum. The color is not white because the polarizer absorbs a small part of the light. In the figure 2(b), a) E-mail:diogosp@usp.br the direction of the polarizer is orthogonal to the light, corresponding to the minimum light intensity.
The processes of polarization by light scattering and double refraction (birefringence) will be discussed in the next sections.
This work presents an alternative technique to see the effect of polarized light using a birefringent material. This type of material could modify the orientation of the polarization direction after passing through it.
Light Scattering
The blue color of the sky 1-3,5,6 of planet Earth is explained by the theory of Rayleigh scattering. The white light from the Sun ( fig. 3 ) is scattered by molecules or particles in the atmosphere of the planet, in a process that depends on the wavelength of the light (λ), or more precisely, is proportional to the inverse of λ 4 . The scattering of the light by particles is more efficient at short wavelengths than at longer ones. The interval of the visible light spectrum 7 varies from 390 nm until 700 nm; the visible spectrum is divided into six colors: violet (390 nm), blue, green, yellow, orange, and red (700 nm). The sky does not appear violet color because the human eye 8 has low sensitivity to this color. The next color in the spectrum is the blue, where the human eye has a better sensitivity. This is the reason why the sky is blue. Figure 3 illustrates how these effects are visualized. At the point A ( fig. 3 ), a person looking up sees the scattered light of the Sun or the sky in blue. A person in point B, which corresponds to looking at the Sun at sunset, sees the sky in red since this color is the least scattered. The Rayleigh theory describes that part of the scattered light is polarized. It is possible to see the effect of this polarization using a polarizer, rotating it so that the intensity of transmitted light varies. However it is not a simple process because according to Lynch 9 the light is polarized at the maximum of 85%, and to sense small variations of intensity can be hard.
A simple approach to the Rayleigh theory is to consider the particle as a sphere with radius a, that is much smaller 10 than λ (concerning to light in the visible range of the spectrum, particles of diameter ≤ 0.1 µm ), and that irradiates as an electrical dipole. The intensity of the scattered light (I(θ)) from the particle is described as 6 :
where θ is the scattering angle, R is the distance of the dipole, m is the ratio of two values of refraction index, of the air and the particle. The equation 1 could be rewritten as:
where:
and
The term I 1 has no dependence with θ; then the scattered intensity is uniform for all directions ( fig. 4 ). However the second term (I 2 ) has dependence with cos(θ), what corresponds to two directions without scattering (at θ = ±90 o ), or the perpendicular directions of the incident light. Then the scattered light I(θ) is polarized in these directions. Figure 4 . The intensity distribution of the scattered radiation by a particle. This is a polar plot illustrates the sky polarization by considering the incoming light of the Sun from the left and the scattering particle in the atmosphere at the center 9 .
The figure 5 presents five images of the polarized light from the blue sky on a sunny day. These images were captured through a polarizer (selective absorption type) in front of a camera and the polarizer was rotated as in- is transmitted. The image at figure 5(e) is similar to the image in figure 5 (a) after a rotation of 180 o . The ideal condition will not be present in such observations because the polarization of the sky is never complete. However the effects of polarized light can be easily observed using birefringent materials.
Birefringence
The birefringence is a characteristic present in some materials. Since it is an effect dependent on the different light propagation inside the material, they are also called as anisotropic materials. This class of materials 7 comprises the liquid crystals and some mineral crystals like the calcite.
Some of the birefringent materials can rotate the polarization direction of the light. In figure 6 the vector of polarized light is vertical, and after passing through the material, its direction is horizontal. Inside the material, the vector direction changes at each point. The rotation is a function of wavelength too.
If a birefringent material is put between a source of completely polarized white light and an orthogonal polarizer, part of the light would be necessarily transmitted, since the birefringent material would rotate the polarization direction, resulting a small component to be parallel to the polarizer. Then the transmitted light after the polarizer is not white, but a colored light. Each point of the material could rotate the light vector by a different value, then a colorful pattern appears. This behavior is used in the proposed experiment.
Some materials are intrinsically isotropic, but others can change their structure under a load condition, becoming anisotropic and then displaying birefringence. These materials, under illumination of white light and observed through a polarizer, present colored patterns, which are related to the stress distribution inside the material.
Materials and Methods
The experiment is described in this section. First, the materials with birefringence are presented. Following, the experimental procedure.
As a polarizer for the experiment, it can be used a polarizer filter of photographic cameras or a polarized sunglass lens, or any other polarizer of the selective absorption type.
A. Plastic materials
The birefringent materials employed were transparent pieces made of plastic: a protractor and a plate (from a box of CD/DVD). The structure of is kind of material can be sensible to stress. To verify this, polarized white light and a polarizer should be used.
The following procedure was performed: these materials were illuminated with the polarized white light (e.g., from a liquid crystal monitor; see appendix A), and the polarizer was placed after it. Then, the transmitted light was registered with a digital camera. Figure 7 (a) shows an image of a transparent protractor without the polarizer. It is possible to see the white light from the monitor and the scale. In figure 7(b) , the same passing through a polarizer. A colored pattern appears. This pattern is related to the distribution of stress inside the protractor, modifying the direction of polarization of the light from the monitor. The pattern is not present in the entire extension, and its shape is not uniform, but it appears that the right side is symmetric to the corresponding left side. This piece was used to do the majority of the experiments because it is easy to focus on the scale. This technique does not depend on whether the direction of the polarizer is orthogonal to the direction of light polarization. In figure 8 the colored pattern appears with the polarizer direction parallel to light polarization. In this case, the transmitted light is rotated, part of it is absorbed by the polarizer and a colorful pattern also appears. It is interesting to note that the pattern at the left side looks complementary to the pattern to the right side, and the colored fringes appear in places of one half size where does not appear in another half. This results in a different pattern of the one in figure 7(b) . where it is possible to see the white light from the monitor. If a polarizer is put between the material and the digital camera ( fig. 9(b) ), where the direction of the polarizer is orthogonal to the polarized light of the monitor, a colorful pattern appears, covering almost the entire piece. Its shape is different from the one in figure 7(b) . At the top of the piece, there is a small defect where are the most colored fringes. No symmetry is presented in this pattern. 
B. The experiment
The experiment consists of illuminating a birefringent material with the blue skylight, and adding a polarizer between the piece and the observer's eye. We discuss below images registered in August (winter season) in São Paulo city (Brazil). The experiment were done in several days, at different hours and in two different places. The experiment also experienced weather changes several times during the period.
We emphasize here as a precautionary measure to never look directly to the Sun.
Results
The analysis was done using only the half top of the piece because it was handled in the other half. The majority of the images were captured in open air. Figure 10 presents five images of the protractor ( fig. 8 ) illuminated by the blue sky in sunny weather -the four cardinal directions and the zenith (highest point of the sky). On one side of the piece, the colored pattern appears more prominently. Figure 10(a) shows the image at the north direction, the colored pattern does not appear because the low polarization level since the Sun is near the visual field of the camera. However the colored pattern appears in figures 10(b), 10(c), 10(d) and 10(e), with no significant difference between them. In the south direction and in the zenith the pattern presented the best contrast. The shape of the colored pattern is similar to the one present in figure 8 . From the background of each picture is possible to see the sky on a sunny day. The presence of few clouds in blue sky does not compromise the observations. The clouds disturb but do not destroy the colored pattern in both figures 12(a) and 12(b). However, when the sky is completely covered by clouds, the colored pattern does not appear, as one can see in the images in figure 13 .
The polarized skylight was also tested using only the polarizer. The figure 14 presents four images on a cloudy day for different polarized orientations. The intensity does not change considerably between each of them, indicating that the light has a low polarization level.
Another effect observed is that in the late afternoon the intensity of the polarized light decays, but the colored pattern can still be seen ( fig. 15) . Figure 16 presents five images of the plastic plate, be- This simple technique presents an alternative way to see the effect of the polarized light of the blue sky. The use of birefringent materials is an interesting tool to learn the concepts that light is a wave and that can be polarized. Moreover, that the white light is composed of multiple wavelengths. The colored pattern of these materials helps the students to realize that light from the blue sky is polarized. This activity could wake up the desire and motivate the students to conduct studies and analyzes of materials in a more carefully way.
Conclusion
This work presented an alternative technique to visualize the effects of the polarized light from the blue sky through the colored pattern that emerges from the birefringence of a transparent material. To see the colored pattern instead of a simple changing of the intensity of the light stimulates the students to understand polarization and the nature of the white light. This technique is sensible to different levels of polarized light, then the sky observations can be performed at different day hours, and even in the presence of a few clouds. Simple and cheap materials were used, such as plastic protracts and plastic plates.
Also, three processes of light polarization were discussed: the selective absorption, the scattering process, and the birefringence. 
A. Polarized White Light Source
There are some simple polarized white light sources. One can be obtained using a liquid crystal monitor of computers. The emitted light is polarized, like as the one that can obtain using a white page of a text processor, like MS-Word or OpenOffice Writer, or a slide presentation software, like MS-Powerpoint or OpenOffice Impress. But liquid crystals displays with the touch-screen technology do not present a perfect polarized light.
A second option is to use a flashlight and a polarizer ( fig. 1) , since the emitted light by flashlight is not polarized. If it is a flashlight with more than one LED, it is necessary to use a thin white paper in the light beam to create an uniform illumination.
The third option is to use a white light bulb lamp and a polarizer.
